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Mammalian CCL20, or macrophage inflammatory protein-3α, can function as a homeostatic and 26 
inflammatory chemokine. In relation to the latter, it is responsible for the chemoattraction of 27 
lymphocytes and dendritic cells to mucosal immune sit s under inflammatory and pathological 28 
conditions. CK1, CK8A and CK8B are rainbow trout (Oncorhynchus mykiss) CC chemokines that 29 
were reported previously to be phylogenetically related to mammalian CCL20. In the current study, 30 
an additional seven CCL20_L paralogues in rainbow trout are reported, that are divided into three 31 
subgroups and have been designated here as: CCL20_L1a (also referred to as CK1), CCL20_L1b1-2, 32 
CCL20_L2a (CK8A), CCL20_L2b (CK8B), CCL20_L3a, and CCL20_L3b1-4. Multiple CCL20_L 33 
genes were also identified in other salmonids that arose from both whole genome duplication and 34 
local gene duplication. Phylogenetic tree, homology and synteny analysis support that CCL20_L1-3 35 
found in salmonids are also present in most of teleosts that arose from the 3R whole genome 36 
duplication and in some species, local gene duplication. Like mammalian CCL20, rainbow trout 37 
CCL20_L molecules possess a high positive net charge with a pI of 9.34-10.16, that is reported to be 38 
important for antimicrobial activity. Rainbow trout CCL20_L paralogues are differentially expressed 39 
and in general highly expressed in mucosal tissues, such as gills, thymus and intestine. The expression 40 
levels of rainbow trout CCL20_L paralogues are increased during development and following 41 
PAMP/cytokine stimulation. For example, in RTS-11 cells CCL20_L3b1 and CCL20_L3b2 are 42 
highly up-regulated by LPS, Poly I:C, recombinant(r) IFNa and rIL-1β. Trout CCL20_L paralogues 43 
are also increased after Yersinia ruckeri infection or Poly I:C stimulation in vivo, with CCL20_L3b1 44 
and CCL20_L3b2 again highly up-regulated. Overall, this is the first report of the complete CCL20 45 
chemokine subfamily in rainbow trout, and the analysis of their expression and modulation in vitro 46 
and in vivo. These results suggest that teleosts possess divergent CCL20_L molecules that may have 47 
important roles in anti-viral/ anti-bacterial defenc  and in mucosal immunity. 48 
 49 
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  56 
3 
 
1. Introduction 57 
Chemokines belong to a superfamily of small, secretd proteins that are important for regulating cell 58 
migration under both physiological and inflammatory conditions (Fu et al., 2017; Frick et al., 2016; 59 
Lally et al., 2003). In addition to this function immunity, chemokines play important roles in 60 
normal development and growth, such as embryonic development, angiogenesis and organogenesis 61 
(Arenberg et al., 1997; Baoprasertkul et al., 2005; Zhou et al., 2018), and in tumour growth and 62 
metastasis (Ghadjar et al., 2009; Benkheil et al., 2018). According to the arrangement of cysteine 63 
residues in the N-terminal region, they can be divided into five subfamilies, CXC, CC, CX3C, XC and 64 
CX (fish specific) (Bacon et al., 2002; Lally et al., 2003; Nomiyama et al., 2008; Chen et al., 2013; 65 
Yuan et al., 2019). The CC and CXC subfamilies represent the two largest groups of chemokines. 66 
The CC chemokines are the largest subfamily, with 28 members (CCL1-28) present in mammalian 67 
species. The number of CC chemokines has been expanded i  teleosts, with 81 and 64 chemokine 68 
genes identified in the genomes of zebrafish and catfish, respectively (Bird and Tafalla, 2015; 69 
Nomiyama et al., 2008; Fu et al., 2017). Due to lineage-specific expansion and fast diversification, the 70 
orthologous relationship between fish and mammalian CC chemokines is difficult to establish. Seven 71 
groups of CC chemokines have been proposed in teleos s, the CCL20, CCL27/28, CCL19/21/25, 72 
CCL17/22, the macrophage inflammatory protein (MIP) and the monocyte chemotactic protein 73 
(MCP) groups, named according to their relationship with mammalian CC chemokines, and a fish-74 
specific group, (Peatman and Liu, 2007; Laing and Secombes, 2004; Fu et al., 2017). The chemokine 75 
genes are present on chromosomes in a cluster (e.g. human MIP and MCP chemokines are grouped on 76 
Ch 17), a mini-cluster (e.g. human CCL19/21/27 on Ch 9), or singly/non-clustered (e.g. human 77 
CCL20, CCL25 and CCL28) (Nomiyama et al., 2010).  Whilst the non-clustered and most of the 78 
mini-clustered chemokines are relatively conserved an  are homeostatic (constitutively expressed) or 79 
dual-functional chemokines, the large number of clustered chemokines are often inflammatory 80 
(upregulated under inflammatory conditions) and show lineage-specific expansion (Nomiyama et al., 81 
2008; Fu et al., 2017).  82 
Mammalian CCL20 is a non-clustered dual-functional chemokine. Human CCL20, also known as 83 
macrophage inflammatory protein (MIP)-3α, exodus-1, and liver- and activation-regulated chemokine 84 
(LARC), was discovered independently by three research groups in 1997 (Rossi et al., 1997; Hromas 85 
et al., 1997; Hieshima et al., 1997).  It is chemotactic for immature dendritic cells (DC), effector or 86 
memory CD4(+) T lymphocytes, and B lymphocytes thatexpress CCR6, the only known receptor for 87 
CCL20 (Zhao et al., 2014). As a dual-functional chemokine, CCL20 is constitutively expressed by 88 
cells of mucosal related tissues, such as epithelial cells (keratinocytes, pulmonary epithelial cells, and 89 
intestinal epithelial cells) and by cells in some human organs such as lungs, lymph nodes, and 90 
appendix-associated lymphoid tissue, but not in spleen or bone marrow (Frick et al., 2016; Schmuth et 91 
al., 2002; Zhao et al. 2014). Under inflammatory conditions, CCL20 can be strongly induced in most 92 
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types of immune cells, including monocytes, macrophages, T lymphocytes (T helper 17 cells and CD8 93 
T cells), DCs, neutrophils, eosinophils, mast cells, pithelial cells and melanocytes (Zhang et al, 2019; 94 
Zhao et al. 2014). Meanwhile, CCR6 is found on Th17 cells, memory CD4 and CD8 T cells, various 95 
B cell subtypes and other immune cells. Therefore, th  CCL20/CCR6 axis is involved in the 96 
maintenance of immunological homeostasis, especially at mucosal sites and secondary lymphoid 97 
tissues, in inflammation and autoimmunity, and in regulation of effective humoral responses (Zhang 98 
et al, 2019; Zhao et al. 2014). 99 
A single non-clustered CCL20 gene is present in mamls and birds, and multiple genes related to 100 
mammalian CCL20 have been reported in several teleost species (Nomiyama et al., 2010; Fu et al., 101 
2017). Rainbow trout CC chemokine (CK)1 was the first chemokine sequence discovered in teleost 102 
fish (Dixon et al., 1998). It possesses 6 cysteine residues in contrast to the 4 conserved cysteine 103 
residues seen in mammalian CCL20 but nevertheless has been shown to be phylogenetically related to 104 
CCL20 (Laing and Secombes, 2004), as are trout CK8a and CK8b that do have 4 conserved cysteines. 105 
More recently, four CCL20 like genes have been discovered in the catfish genome (Fu et al., 2017). 106 
Although the amino acid sequences of fish CCL20 share poor identities with mammalian CCL20, 107 
their three-dimensional structure and tissue distribu ion are relatively well conserved (Lally et al., 108 
2003; Fu et al., 2017; Mo et al., 2015; Leu et al., 2019). Despite the observation of an increased 109 
number of fish CCL20 genes, the contributions of lineage-specific whole genome duplications 110 
(WGD), e.g. additional third round (3R) WGD that have occurred at the base of the teleosts, and again 111 
in particular fish groups (e.g. 4R WGD in salmonids and cyprinids), and local gene duplications are 112 
not clear. Thus, investigation of the genomic location of CCL20 genes and comparison of the syntenic 113 
relationship with neighbouring genes will greatly help trace the origins of CCL20 genes in teleosts 114 
and higher vertebrates, and shed light on their modes f duplication and diversification.  115 
In the present study, we identified 10 CCL20 like (CCL20_L) genes in the recently released rainbow 116 
trout genome, including the three genes (CK1, CK8a and CK8b) known before. These ten trout 117 
CCL20_L genes could be mapped to four chromosomes. Multiple CCL20_L genes have also been 118 
identified in other fish species, including other salmonids, Northern pike and spotted gar. Synteny and 119 
phylogenetic tree analysis clearly demonstrated that human and fish CCL20 genes arose from a 120 
common CCL20 ancestor before their divergence during vertebrate evolution. Teleost lineage-specific 121 
expansion via local gene duplications and WGD led to three groups (CCL20_L1-3) of divergent 122 
CCL20 genes in this fish group. We next investigated the tissue expression pattern of the ten trout 123 
CCL20 genes individually, and found that they were differentially expressed in tissues with high 124 
levels of expression found in mucosal related tissue . Lastly, we studied their modulation during 125 
developmental and after stimulation i  vivo with Poly I:C, and Yersinia ruckeri, and in vitro with 126 




2. Materials and methods 129 
2.1. Fish 130 
Healthy rainbow trout were purchased from College Mill Trout Farm (Almondbank, Perthshire UK) 131 
and maintained in aerated fiberglass tanks supplied w th a continuous flow of recirculating freshwater 132 
at 14 °C. Fish were fed twice daily on a commercial pel et diet (EWOS) and acclimatized for at least 133 
two weeks prior to use. 134 
2.2. Gene identification and sequence analysis 135 
Three CCL20_L genes (CK1, CK8a and CK8b) are known in rainbow trout (Dixon et al., 1998; Laing 136 
and Secombes, 2004). To identify additional CCL20_L genes in this species, we searched the recently 137 
released rainbow trout reference genome (GCF_002163495.1) using TBLASTN (Altschul et al., 138 
1997) with the known trout CCL20_L genes as query, resulting in the identification of four genomic 139 
loci (Chromosomes (Ch) 8, 11, 15 and 28) that harbour CCL20_L genes. The 10 CCL20_L genes 140 
were then predicted as described previously (Wang et al., 2018; 2019a). Primers (supplementary 141 
Table S1) were subsequently designed in the predicted 5’- and 3’-UTRs for PCR cloning of the 142 
complete coding region of each predicted CCL20_L gene xcept CCL20_L1a (CK1). CCL20_L2a 143 
(CK8a) and CCL20_L2b (CK8b) were also re-cloned as they were previously predicted from 144 
expressed sequence tags (EST) with an incomplete coding region (Laing and Secombes, 2004). The 145 
general cloning and sequence analysis was as describ d previously (Wang et al., 2018; 2019a). The 146 
nucleotide sequences generated were assembled and an lysed with the AlignIR programme (LI-COR, 147 
Inc.). The gene organization was predicted using the Splign program at NCBI. Protein translation was 148 
performed using Virtual Ribosome-version 2.0 and signal peptides predicted using the program 149 
SignalP4.1 Server. Identity and similarity analysis were performed using the matrix BLOSUM62 150 
within the MatGAT program (Campanella et al., 2003), with a gap open penalty of 10 and gap 151 
extension penalty of 1. Multiple aa alignment was performed using Cluster Omega 152 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and the conserved amino acids were shaded using 153 
BoxShade program (https://embnet.vital-it.ch/software/BOX_form.html). Disulfide bonding and 154 
cysteine connectivity were predicted using the Disulfide program (Ceroni et al., 2006). The 155 
Genomicus (database version 96.01, Muffato et al., 2010) was used to analyse the synteny of the 156 
CCL20 loci. Phylogenetic trees were constructed by the Neighbour-joining method using the 157 
MEGA7.0 program on full-length aa alignments and bootstrapped 10,000 times. The evolutionary 158 
distances were computed using the JTT matrix-based method with all ambiguous positions removed 159 
for each sequence pair. 160 
 161 
2.3. Tissue distribution of expression of rainbow trout CCL20_L paralogues 162 
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Seventeen tissues (blood, thymus, gills, scales, skin, muscle, tail fins, adipose fin, brain, adipose 163 
tissue, spleen, liver, heart, intestine, gonad, head kidney (HK) and caudal kidney) of six healthy 164 
rainbow trout were collected and processed as describ d previously (Wang et al., 2011a). The RNA 165 
extraction, cDNA synthesis and real-time PCR of CCL20_L paralogues were also as described 166 
previously ( et al., 2011a). In order to ensure that no genomic DNA could be amplified under the real-167 
time PCR conditions used, at least one primer was designed to cross an intron. The details of the 168 
primers for qPCR analysis of CCL20_L paralogues are list d in Table 1. A common reference 169 
containing equal molar amounts of PCR products of each gene, including the house keeping gene 170 
elongation factor-1α (EF-1α), were prepared and used to directly compare the expression level of 171 
different CCL20_L paralogues. The expression level of each CCL20_L paralogue was calculated as 172 
arbitrary units after normalization against the expr ssion level of EF-1α. 173 
2.4. Ontogeny of the expression of CCL20_L paralogues 174 
The ontogeny of the expression of CCL20_L paralogues was examined to investigate whether the 175 
expression of CCL20_L is correlated to immune capacity in early life. The archived samples from 176 
different developmental stages from a previous experiment have been described in detail in Wang et 177 
al. (2010). Briefly, eyed eggs, immediate post-hatc fry, pre-first feeding fry (at the stage of full 178 
disappearance of the yolk sac), and fry 3 weeks following first feeding were sampled and cDNA 179 
prepared. Six samples for each developmental stage wer prepared and applied to real-time PCR 180 
analysis. 181 
2.5. Modulation of the expression of trout CCL20_L paralogues in vivo by Poly I:C 182 
The rainbow trout was stimulated in vivo by the viral dsRNA mimic polyinosinic:polycytidylic acid 183 
(Poly I:C, Sigma)  as described previously (Wang et al., 2019b). Briefly, 12 fish (~100 g) were 184 
injected intraperitoneally (ip) with 1 mg Poly I:C in 0.2 ml PBS and another group of 12 fish were 185 
given the same amount of PBS as control. Six trout fr m each group were killed at 6 h and 24 h post 186 
injection, and spleen, HK, gills and intestine were collected for gene expression analysis as described 187 
previously (Wang et al., 2011a). The results were expressed as arbitrary units (AU) after 188 
normalisation to EF-1α, with the average expression level in control fishin each tissue at 6 h set as 1. 189 
2.6. Modulation of the expression of trout CCL20_L paralogues by Yersinia ruckeri challenge 190 
The bacterium Yersinia ruckeri is the causative agent of enteric red mouth disease (ERM), that has 191 
caused significant economic losses in salmonid aquaculture (Harun et al., 2011). A pathogenic strain 192 
(MT3072) of Y. ruckeri was obtained from Marine Scotland Science, Marine Laboratory, Aberdeen, 193 
UK. The bacteria were collected in PBS from a one-day old tryptic soy agar (TSA, Fluka 194 
BioChemika) plate, washed twice with PBS and resuspended in PBS containing 15% glycerol. 195 
Aliquots of bacteria were stored at −80 °C and titrated on TSA plates just prior to use. Two groups of 196 
fish were ip injected with 0.5 ml of Y. ruckeri at a concentration of 1 x 106 cfu/ml or injected with the 197 
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same volume of PBS as control. Four fish from each group were killed at day 1 and day 2, and gills, 198 
spleen, HK and intestine were collected for gene expression analysis as above. The results were 199 
expressed as AU after being normalised to EF-1α, with the average expression level in control fishin 200 
each tissue at day 1 set as 1. 201 
2.7. Modulation of the expression of trout CCL20_L paralogues in RTS-11 cells by PAMPs and 202 
inflammatory cytokines 203 
The rainbow trout monocyte/macrophage cell line RTS-11 (Ganassin and Bols, 1998) was maintained 204 
at 20 °C in Leibovitz L-15 medium (Invitrogen, UK) containing 30% foetal calf serum (FCS; Labtech 205 
international, UK), 100 U/ml penicillin and 100 mg/ml streptomycin. For experiments, the cells were 206 
collected by centrifugation at 200 x g for 5 min, washed once with L-15 containing 0.5% FCS, diluted 207 
in L-15 containing 10% FCS to a concentration of 1 x 06 cells/ml, and seeded at 2 ml/well into 12-208 
well cell culture plates. RTS-11 cells were cultured overnight before stimulation. 209 
Overnight cultures of RTS-11 cells were stimulated with pathogen-associated molecular patterns 210 
(PAMPs) and proinflammatory cytokines respectively. For PAMPs stimulation, the bacterial cell wall 211 
component lipopolysaccharide (LPS, from E. coli strain 055:B5, Sigma) at 25 µg/ml or Poly I:C at 50 212 
µg/ml were added to the cells. For cytokine stimulation, IFNγ (20 ng/ml) (Wang et al., 2011b), IFNa 213 
(25 ng/ml, Wang et al., 2019b), IL-1β (25 ng/ml) (Hong et al., 2001), IL-6 (100 ng/ml) (Costa et al., 214 
2011) or TNFα (50 ng/ml) (Hong et al., 2013) were added to the cells. All the cytokines were 215 
produced in E. coli, purified under denaturing conditions with stringet washing buffer to remove 216 
LPS contamination, refolded and re-purified under native conditions, and have been used recently 217 
(Wang et al., 2019b). For all treatments, medium alone was added as the control. The treatments were 218 
terminated by dissolving the cells in TRI reagent at 4 h, 8 h and 24 h post-stimulation. Total RNA 219 
exaction and gene expression were conducted as described above and expressed as a fold change 220 
calculated as the average expression level of stimulated samples divided by that of time-matched 221 
controls. 222 
2.8. Statistical analysis 223 
The data were analysed statistically using the SPSS Statistics package 24 (SPSS Inc., Chicago, 224 
Illinois). The analysis of real-time PCR data was as described previously (Wang et al., 2011a). 225 
Briefly, real-time quantitative PCR measurements were scaled, with the lowest expression level set as 226 
1, and log2 transformed. One-way analysis of variance (ANOVA) and the LSD post hoc test were 227 
used to analyse the expression data from the same tissue after in vivo stimulation, or at the same time 228 
points after in vitro stimulation, with P ≤ 0.05 between treatment and control groups considered 229 
significant. Additionally, a paired-samples T test was used to statistically analyse the expression of 230 





3. Results 234 
3.1. Sequence analysis of CCL20_L paralogues in rainbow trout 235 
10 trout CCL20_L genes have been predicted on four chromosomes. Except CK1 (CCL20_L1a), 9 of 236 
the 10 predicted CCL20_L genes have been sequence confirmed by cDNA cloning and named as 237 
CCL20_L1b1-2, CCL20_L2a (CK8A), CCL20_L2b (CK8B), CCL20_L3a and CCL20_L3b1-4, 238 
respectively, according to their homology and chromosomal location (Tables 2-3, Supplementary 239 
Figs. S1-S9). Each trout CCL20_L cDNA sequence has a complete open reading frame that encodes 240 
for 98-112 aa, with a signal peptide of 24-26 aa and  mature peptide of 74-79 aa. The mature peptide 241 
of each trout CCL20_L is 8.92-10.04 kDa with a basic pI of 9.34-10.16 (Table 2). A multiple 242 
alignment of all trout CCL20_L molecules and human CCL20 suggested general conservation 243 
including the four conserved cysteine residues that form two pairs of intra-molecular disulfide bonds 244 
(C1-C3 and C2-C4) (Fig. 1). However, marked differences do exist between trout CCL20_L1-3. First, 245 
trout CCL20_L1 molecules are 6-7 aa shorter before the N-terminal CC motif. Second, there is a four-246 
basic aa (RRRR) motif at the N-terminal of trout CCL20_L3a, L3b3 and L3b4 that may function as a 247 
nuclear localisation signal (NLS) (Valgardsdottir et al., 2001). And third, trout CCL20_L1 (a/b1/b2) 248 
molecules have six conserved cysteine residues with the extra two cysteine residues potentially 249 
forming an additional disulfide bond. The six conserved cysteine residues were found in all 250 
CCL20_L1 molecules from other teleosts (Fig. S10). 251 
3.2. Sequence analysis of CCL20_L paralogues in other salmonids and Northern pike 252 
10 CCL20_L genes have also been identified or predict  on four homologous chromosomes in 253 
chinook salmon as seen in rainbow trout (Table 3, Figs. S11-13). However, only 9, 7 and 5 CCL20_L 254 
genes have been identified or predicted (Figs. S14-16) in the current genomes of coho salmon, 255 
Atlantic salmon and Arctic charr, respectively (Table 3). Furthermore, four CCL20_L genes, 256 
CCL20_L1-2 and CCL20_L3a/b, are present in the genome f Northern pike, the closest 3R relative 257 
of salmonids that has a sequenced genome (i.e. without t e salmonid 4R WGD) (Table 3). The 258 
naming of salmonid and pike CCL20_L is in agreement with the phylogenetic tree analysis, genomic 259 
organisation and homology. An unrooted neighbour-joining phylogenetic tree revealed three groups 260 
of salmonid and pike CCL20_L (1-3) (Fig. 2). The pike CCL20_L1 and CCL20_L2 grouped outside 261 
of their salmonid counterparts, with salmonid CCL20_L1a/1b and 2a/2b forming independent clades 262 
within each group, a classical topology of paralogues that have arisen from the salmonid 4R WGD 263 
(Macqueen and Johnston, 2014). This topology is in agreement with the homology analysis that 264 
shows salmonid CCL20_L1a/1b and 2a/2b share higher aa identities between orthologues than 265 
paralogues (Table 4), with their genomic organisation and that each salmonid CCL20_L1a/1b and 266 
2a/2b pair resides on homologous chromosomes (Fig. S17).  Taken as a whole, these results suggest 267 
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that salmonid CCL20_L1a/1b and 2a/2b are 4R WGD paralogues that arose from ancestral genes that 268 
gave rise to CCL20_L1 and CCL20_L2 in Northern pike.  269 
Curiously, salmonid CCL20_L3a, L3b1-2 and L3b3-4 formed three independent clades with pike 270 
CCL20_L3a/b closer to salmonid CCL20_L3b1-2, and salmonid CCL20_L3b3-4 closer to 271 
CCL20_L3a in this group (Fig. 2). This tree topology was in agreement with homology analysis that 272 
the salmonid CCL20_L3a, L3b1-2 and L3b3-4 molecules shared high aa identities within each group, 273 
and that salmonid CCL20_L3a shared higher aa identiti s to CCL20_L3b3-4 (57.5-69.5%) than to 274 
CCL20_Lb1-2 (42.6-48.6%), and pike CC20_L3a/b shared higher aa identities to salmonid 275 
CCL20_Lb1-2 (52.3-60.4%) than to salmonid CCL20_L3a and L3b3-4 (43.9-47.2%) (Table 4). 276 
However, the salmonid CCL20_L3b genes are closely linked at the same genomic locus at a site 277 
homologous to the salmonid CCL20_L3a locus that is on a different chromosome, as seen in rainbow 278 
trout, chinook salmon and Atlantic salmon (Fig. S17). This suggests that salmonid CCL20_L3a and 279 
L3b are indeed 4R WGD paralogues with salmonid CCL20_ 3b further expanded by local gene 280 
duplication. Interestingly, only two CCL20_L3b genes have been found in Atlantic salmon vs four in 281 
rainbow trout and chinook salmon, with Atlantic salmon CCL20_L3b1 and L3b3 sharing similar high 282 
aa identities to trout CCL20_L3b1-2 and 3b3-4, respectively (Table 4). Similarly, only a single 283 
CCL20_L3b3 was found in Arctic charr that shares similar high aa identities to trout CCL20_L3b3-4. 284 
Although a complete CCL20_L3 repertoire in all salmonids needs to be confirmed once more 285 
advanced genome sequence is available, current data suggests that the CCL20_L3b gene was 286 
duplicated after the 4R WGD into the CCL20_L3b1/2 and Lb3/4 ancestral genes, which are preserved 287 
in some lineage as seen in Atlantic salmon, with subsequent duplication leading to four CCL20_L3b 288 
genes, as seen in rainbow trout and chinook salmon. 289 
3.3. Evolutionary analysis of teleost CCL20_L genes 290 
To have an insight into the evolution of teleost CCL20_L genes, we analysed CCL20_L genes in 291 
other teleost species in relation to genes in a holostean fish (spotted gar) and humans. Four CCL20_L 292 
genes (CCL20-1 to CCL20-4) are present at a single genomic locus in gar (Table 3), a 2R fish that 293 
represents an ancestral state since these fish have not undergone the teleost 3R WGD. Multiple (2-4) 294 
CCL20_L genes have been identified in other teleost (3R) fish species including zebrafish, catfish, 295 
Mexican tetra, Asian swamp eel, Japanese flounder, m daka and fugu (Table 3). These CCL20_L 296 
genes in 3R teleosts are present on two different chromosomes, as seen in zebrafish, pike, swamp eel 297 
and flounder (Table 3). Synteny analysis revealed significant conservation of the spotted gar 298 
CCL20_L locus to three CCL20_L loci on two chromosomes in 3R Northern pike and zebrafish, and 299 
to six CCL20_L loci on four chromosomes in 4R rainbow trout (Fig. 3). Furthermore, syntenic 300 
conservation of genes was also observed between the human CCL20 locus, the gar CCL20_L locus 301 
and teleost CCL20_L2 loci (Fig. 3). Taken as a whole, teleost CCL20_L genes are orthol gues of 302 
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mammalian CCL20 and the expansion of CCL20_L genes i  3R/4R teleosts can be attributed to 303 
WGDs in addition to local gene duplications.  304 
The aa sequences encoded by the teleost CCL20_L genes have relatively high identity to mammalian 305 
CCL3, CCL4 and CCL17, in addition to CCL20. For example, rainbow trout CCL20_L genes share 306 
the highest average aa identity of 32.2% to human CCL20, and somewhat lower average identities to 307 
human CCL4 (29.0%), CCL3 (28.4%) and CCL17 (28.2%), but relatively low (20.2-27.9%) identities 308 
to other human CC chemokines (Table S2). Therefore, a phylogenetic tree was generated based on a 309 
multiple alignment of aa sequences of teleost and gar CCL20_L molecules and selected CCL20, 310 
CCL3, CCL4 and CCL17 sequences from other vertebrats. All teleost CCL20_L molecules grouped 311 
with CCL20 genes from other vertebrate groups with high bootstrapping support (82%) and were 312 
separated from the CCL17, CCL3 and CCL4 groups (Fig. 4), further supporting the orthologue 313 
relationship of the teleost and gar CCL20_L moleculs with CCL20 molecules in other vertebrates. In 314 
the CCL20/CCL20_L clade, independent groups of tetrapod CCL20, fish CCL20_L1 and CCL20_L2 315 
were well supported with bootstrap values of 89-99%. The rest of the teleost and holostean CCL20_L 316 
molecules formed the CCL20_L3 group that was more divergent and showed lineage/species 317 
expansion/diversification as seen in spotted gar, Mexican tetra, zebrafish, pike and salmonids (Fig. 4). 318 
Moreover, teleost CCL20_L molecules were present in each of the three CCL20_L groups in most of 319 
the fish species analysed, including salmonids, pike, zebrafish, catfish, flounder, swamp eel and 320 
Mexican tetra. 321 
 322 
Overall, the analysis above suggests that teleost CCL20_L genes arose from a single CCL20 ancestor 323 
in an early 2R vertebrate that led to tetrapod CCL20 gene, and duplicated locally in the ancestor of the 324 
ray-finned fish lineage (2R) (Fig. 5). Further local gene duplication in Holosteans likely led to the 4 325 
CCL20_L genes seen in spotted gar. The two duplicated genes (CCL20_L1/2 and L3/4) were further 326 
duplicated by the 3R WGD to generate four CCL20_L genes (CCL20_L1-4) with CCL20_L4 327 
subsequently lost in teleosts. Lineage/species specific local gene duplication/deletion led to different 328 
copies of CCL20_L genes as seen in Northern pike (two CCL20_L3 genes) and catfish (two 329 
CCL20_L1 genes known as CCL20b.1-2, Fu et al., 2017). The three CCL20_L genes (loci) on two 330 
chromosomes in 3R fish were further duplicated by the salmonid 4R WGD that would have generated 331 
6 CCL20_L loci (CCL20_L1a, L1b, L2a, L2b, L3a and L3b) on four chromosomes, with CCL20_L1b 332 
and L3b duplicated locally before salmonid speciation. Additional local gene duplication of 333 
CCL20_L2b1/2 and Lb3/4 likely led to the 10 CCL20_L genes found in rainbow trout (Fig. 5). 334 
3.4. Gene organisation analysis of CCL20_L genes in teleosts 335 
Unlike most CC chemokine genes that possess three coding exons, human and other mammalian 336 
CCL20 genes possess four coding exons (Nomiyama et al., 2010). Fish CCL20_L genes also possess 337 
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a four coding exon/three intron structure with conserved intron phases (I, II and II), as seen in rainbow 338 
trout, Northern pike, spotted gar and humans (Fig. 6). The first exon encodes the signal peptide and 339 
the other exons encode the mature peptide. The third exon is well conserved with 78 bp in all genes 340 
except pike CCL20_L1 that has 81 bp. The second exon was more divergent between the three groups 341 
of CCL20_L genes. CCL20_L1 genes possess a smaller exon 2 (103 bp) compared to CCL20_L2 342 
(115-118 bp) and CCL20_L3 (100-115 bp) (Fig. 6), leading to fewer aa before the first two cysteine 343 
residues (Fig. 1). 344 
3.5. Tissue distribution of the expression of trout CCL20_L paralogues  345 
The expression of CCL20_L paralogues was examined i seventeen tissues using gene specific 346 
primers and serially diluted references, and expressed as arbitrary units (AU) relative to EF-1α 347 
expression multiplied by 1,000,000 (Fig. 7). The expression of CCL20_L genes were detectable in all348 
tissues examined, with average expression levels and r tios of paralogue expression, plus statistical 349 
analysis detailed in Table S3. AU < 100 was considered low level expression, 100< AU <1,000 350 
medium level expression and AU >1,000 high level expr ssion. CCL20_L1a was highly expressed in 351 
caudal kidney, followed by medium levels in liver, heart and brain, and low levels in all other tissue 352 
(Fig. 7A). CCL20_L1b1/2 were highly expressed in gills, with medium level in thymus, and low 353 
levels in other tissues with the exception of medium level expression of CCL20_L1b2 in caudal 354 
kidney, adipose fin and brain (Fig. 7A). The CCL20_L1 paralogues were differentially expressed in 355 
most of the tissues with CCL20_L1a higher in caudal kidney, liver, heart, intestine, adipose tissue and 356 
gonad, but lower in mucosal tissues (gills, thymus, adipose fin and scales) (Table S3). 357 
CCL20_L2a was expressed highly in gills and intestine, at medium levels in thymus, adipose fin, tail 358 
fins, scales, and caudal kidney, and at low levels in other issues (Fig. 7B). CCL20_L2b was highly 359 
expressed in mucosal tissues, including gills, thymus, adipose fin, tail fins and scales, and caudal 360 
kidney, at medium levels in skin, adipose tissue, spleen, brain and muscle, and at low levels in other 361 
tissues (Fig. 7B). The expression of CCL20_L2b was higher than CCL20_ a in all tissues except in 362 
muscle, gonad and liver (Table S3). 363 
CCL20_L3a was highly expressed in mucosal tissues sch as gills, tail fins, adipose fin, intestine and 364 
thymus, but at low to medium levels in other tissues (Fig. 7C). CCL20_L3b1-4 were expressed highly 365 
in gills for all molecules, and in thymus for CCL20_L3b1 and in muscle for CCL20_L3b4. Other 366 
tissues expressed only low to medium levels of CCL20_ 3b1-4 (Fig. 7C). The CCL20_L3 paralogues 367 
were differentially expressed in most of the tissues with L3a expressed more highly than L3b 368 
paralogues in these tissues except in spleen, head kidney and gills (Table S3).  369 
In summary, the ten CCL20_L genes were differentially expressed with each tissue preferentially 370 
expressing a set of CCL20_L genes. The majority of the genes were highly expressed in mucosal 371 
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tissues, with gills having the largest expression levels of all genes except CCL20_L1a that was 372 
highest in caudal kidney.   373 
3.6. The expression of trout CCL20_L genes during early developmental stages 374 
Next, we investigated the expression of trout CCL20_L genes during early developmental stages, 375 
including eyed-eggs, immediate post-hatch fry, pre-first feeding fry and fry 3 weeks after first 376 
feeding, which is reported to be a critical period when the fish encounter potential pathogens from the 377 
environment and food (Wang et al., 2010). All genes showed an increase from eyed-eggs to post-378 
hatch fry, although the expression level of CCL20_L3b2 and b4 was very low (Fig. 8). With 379 
CCL20_L1b1, L1b2, L2a, L2b, L3a, L3b1 and L3b2 this increased further at the pre-feeding stage, 380 
and further again in post-feeding fry for CCL20_L1b1. Whilst most of the genes were maintained at 381 
these levels, in the case of CCL20_L3b1 the level decreased in the post-feeding fry. 382 
3.7. Modulation of the expression of trout CCL20_L genes in vivo by Poly I:C 383 
The expression of trout CCL20_L genes in gills, spleen, HK and intestine after ip injection with Poly 384 
I:C was next investigated. A transient up-regulation at 6 h was observed for CCL20_L1a in spleen, 385 
CCL20_L1b2 in gills, and CCL20_L3b1 and L3b2 in spleen, HK and intestine. At 24 h only 386 
decreases in transcript level were seen, as with CCL20_L1b1, L1b2, L2a, L2b, L3b1 and L3b2 in 387 
spleen, L1b2, L2a, L3b1 and L3b2 in HK, and L1b2, Lb and L3b3 in intestine (Fig. 9). In summary, 388 
a transient induction of CCL20_L (L1a, L1b2, L3b1 and L3b2) was seen at 6 h post injection, with an 389 
inhibition of many CCL20_L genes observed at 24 h after Poly I:C stimulation.  390 
3.8. Modulation of the expression of trout CCL20_L genes by Yersinia ruckeri challenge 391 
Yersinia ruckeri induced the expression of CCL20_L1a in intestine at day 1 and in gills and spleen at 392 
day 2. CCL20_L3b1 was also induced in intestine at day 1, in gills from day 1 to day 2, and in spleen 393 
at day 2. Lastly, CCL20_L3b2 was also increased, in gills, HK and intestine from day 1 to day 2, and 394 
in spleen at day 2. Several genes were inhibited by Y. ruckeri infection. In gills this included 395 
CCL20_L2a at day 1 and day 2, L3a at day 2, and L3b3 at days 1 and 2. In spleen CCL20_L1b1 and 396 
L1b2 at day 1, and L2a and L2b at days 1 and 2 were all downregulated. In HK CCL20_L2a was 397 
inhibited at days 1 and 2, and L3b3 at day 2, whilst in intestine CCL20_L1b2, L2a, L2b, L3a and 398 
L3b3 were all decreased at day 2. The expression of CCL20_L3b4 was low and refractory. In 399 
summary, Y. ruckeri infection induced the expression of CCL20_L1a, L3b1 and L3b2 in multiple 400 
tissues, especially in mucosal tissues (gills and intestine), but an inhibitory effect was seen on other 401 
CCL20_L genes.  402 
3.9. Modulation of trout CCL20_L gene expression in RTS-11 cells by PAMPs 403 
The modulation of trout CCL20_L genes were then investigated in the macrophage cell line RTS-11 404 
using Poly I:C and LPS, classical viral and bacterial PAMPs. Poly I:C could significantly induce the 405 
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up-regulation of CCL20_L3b1 and L3b2 from 4 h to 24 h, and that of CCL20_L2a at 8 h (Fig. 11). 406 
LPS could significantly induce the expression of CCL20_L3b1 and L3b2 from 4 h to 24 h, and that of 407 
CCL20_L3b3 from 8 h to 24 h. Both Poly I:C and LPS had little effect on the expression of 408 
CCL20_L1a, L1b1, L1b2, L2b and L3a (Fig. 11). However, the expression was inhibited at 24 h for 409 
CCL20_L2b by LPS and CCL20_L3b3 by Poly I:C. The expr ssion level of CCL20_L3b4 in RTS-11 410 
cells was low and refractory. In summary, both Poly I:C and LPS are good inducers of trout 411 
CCL20_L3b1-2 gene expression, with Poly I:C inducing a transient effect (peaked at 4 h) and LPS a 412 
longer lasting effect (peaked at later time points). 413 
3.10. Modulation of trout CCL20_L genes by proinflammatory cytokines in RTS-11 cells 414 
As the expression of trout CCL20_L genes can be modulated by PAMPs in RTS-11 cells, we finally 415 
examined the modulatory effects of pro-inflammatory cytokines that may also be induced by PAMP 416 
stimulation. All the recombinant cytokines used were p oduced in a similar way, are bioactive and 417 
show cytokine-specific effects in terms of modulation of gene expression, as seen previously (Wang 418 
et al., 2019b) and in this study. With regards to LPS contamination, the cytokines have been tested for 419 
their ability to upregulate known LPS-inducible genes in RTS-11 cells (Fig. S18). At least two of the 420 
six genes studied are refractory to treatment with any of the recombinant cytokines used, except IL-1β 421 
that is known to induce all the genes in RTS-11 cell. These results suggest that the effects observed in 422 
the present study are not due to LPS contamination or exogenous protein effects. IFNγ down-423 
regulated the expression of CCL20_L2a at 8 h, L3b1 from 4 h to 8 h, L3b2 at 4 h, and L3b3 from 8 h 424 
to 24 h, but had no effect on CCL20_L1a, L1b1, L1b2, L b and L3a (Fig. 12). IFNa induced the 425 
expression of CCL20_L2a and L2b at 8 h, CCL20_L3b1-2 from 4 h to 24 h, down-regulated the 426 
expression of CCL20_L3b3 at 24 h, had no effect on he expression of CCL20_L1a, L1b1-2 and L3a 427 
(Fig. 12). IL-1β induced the expression of CCL20_L2a and L3b3 from 4 h to 8 h, CCL20_L1b1 and 428 
L3a at 8 h, CCL20_L3b1-2 from 4 h to 24 h, and down-regulated the expression of CCL20_L2b at 24 429 
h, but had no effect on CCL20_L1a and L1b2 (Fig. 12). IL-6 down-regulated the expression of 430 
CCL20_L2b and 3b2 at 24 h, CCL20_L3b1 at 4 h and 24 h, CCL20_L3b3 at 8 h, weakly up-regulated 431 
the expression of CCL20_L2a at 8 h, but had no effect on CCL20_L1a, L1b1-2 and L3a. Lastly, 432 
TNFα down-regulated the expression of CCL20_L1a at 4 h and CCL20_L2b at 24 h, had no effect on 433 
the other trout CCL20_L genes (Fig 12). CCL20_L3b4 expression was again low and refractoy. In 434 
summary, IL-1β and type I IFNa are good inducers of CCL20_L expression in RTS-11 cells, 435 
especially for CCL20_L3b1 and L3b2, but other cytokines (type II IFNγ, IL-6 and TNFα) exhibited 436 
mainly inhibitory effects.   437 
 438 
  439 
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4. Discussion 440 
Mammalian CCL20 is a single copy non-clustered dual-f nctional chemokine involved in the 441 
maintenance of immunological homeostasis and effective immune responses. By interrogation of 442 
salmonid genomes, we have identified and characterised ten expressed CCL20_L genes (three 443 
previously known) in rainbow trout, the largest number of CCL20_L genes known in a species to 444 
date. We then confirmed up to 10 CCL20_L genes exist in other salmonids and that multiple genes 445 
are commonly present in other teleosts and in spotted gar (holostean). The fish genes can be classified 446 
into three groups (CCL20_L1-3) and their expansion is the result of both gene and whole genome 447 
duplication during evolution. The ten trout CCL20_L genes are differentially expressed in tissues 448 
from healthy fish, with distinct expression patterns between and within groups. Their expression is 449 
increased during early developmental stages and differentially upregulated in vivo and in vitro after 450 
stimulation with PAMPs and cytokines, suggesting divergent roles of CCL20_L genes in anti-451 
microbial defence in fish. 452 
4.1. The evolution of CCL20_L genes in teleosts 453 
Only a single CCL20 gene is present in tetrapods (Nomiyama et al., 2010) but up to 10 CCL20_L 454 
genes are present in salmonids and multiple genes are common in other teleosts and gar (holostean). 455 
Phylogenetic tree and homology analysis suggests three divergent groups of CCL20_L genes in 456 
teleosts, with most of the 3R teleosts having a gene belonging to each of CCL20_L1-3. Our gene 457 
synteny analysis suggests that these three groups of CCL20_L genes were generated by the 3R WGD 458 
from two CCL20_L ancestral genes that had been duplicated locally in a 2R actinopterygian ancestor, 459 
from an ancestral CCL20 gene that led to tetrapod CCL20 as seen in humans. One of the four 460 
daughter genes/loci (i.e. CCL20_L4) on the two duplicated chromosomes was likely lost early in 3R 461 
teleosts, and an insertion between CCL20_L2 and L3 happened that produced two CCL20_L loci on 462 
the same chromosome.  Local gene duplications seem to have occurred in a lineage/species-specific 463 
manner, leading to three groups of CCL20_L genes residing in three loci on two chromosomes in 464 
teleosts. This model does not necessarily imply that e four CCL20_L genes of spotted gar were 465 
generated from the same two ancestral genes. Whilst gar CCL20-1 shares high aa identity and groups 466 
with one of the teleost subgroups (CCL20_L2) with high bootstrap support, the gar CCL20-2-4 genes 467 
are divergent and their grouping with teleost CCL20_L3 was not well supported. In addition, the 468 
relative transcriptional direction of the four gar genes is the opposite of that of CCL20_L2 and L3, 469 
suggesting that multiple rounds of local gene duplication/deletion with subsequent diversification 470 
might have occurred in this species. 471 
The 4R WGD in salmonids appears to have generated the six CCL20_L loci on four chromosomes. It 472 
seems that all the six CCL20_L loci have been preserv d in all extant salmonids analysed in this 473 
study. Again, independent local gene duplications are pparent, that happened before and after 474 
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salmonid speciation. Two CCL20_L1b (1-2) are present in rainbow trout, Atlantic, chinook and coho 475 
salmon that sit together and share high aa identitis, representing a local gene duplication that 476 
occurred before salmonid speciation. Four CCL20_L3b (1-4) are present in rainbow trout, chinook 477 
salmon and likely also in coho salmon (genus Oncorhync us) but only two have been found in 478 
Atlantic salmon (genus Salmo) and only one in Arctic harr (genus Salvelinus) in the current genome 479 
version of this species. All the CCL20_L3b paralogues are closely linked. The salmonid 480 
CCL20_L3b1/b2, and Lb3/b4 pairs share high aa identti s within each pair (e.g. 79-98% aa 481 
identities) but only a medium level of aa identity between the two pairs (eg.50-53% aa identities). 482 
Hence the two Atlantic CCL20_L3b each belong to a single pair according to aa identity and 483 
phylogenetic tree analysis. These data suggest that a local gene duplication occurred in this locus 484 
before salmonid speciation to generate the CCL20_L3b1/2 and Lb3/4 ancestors. This state was 485 
retained in Salmo (and possibly in Salvelinus species), but further lineage-specific local gene 486 
duplications generated CCL20_L3b1-4 in Oncorhynchus species. Taken together, CCL20_L genes 487 
have been expanded in teleosts due to whole genome duplications and/or local gene duplications in a 488 
lineage/species-specific manner. 489 
4.2. Indicators of functional diversification of teleost CCL20_L genes 490 
Gene and genome duplications increase the genetic ma erial that might then contribute to the increase 491 
of genomic and phenotypic complexity of an organism during evolution (Studer et al., 2010; Braasch 492 
and Salzburger, 2009; Escalera-Fanjul et al., 2019). Although the most common fate is the deletion of 493 
one of the duplicates by non-functionalization (or pseudogenization) to restore the initial state of a 494 
single copy, both duplicated copies can be preserved by sub- and/or neo-functionalization resulting in 495 
the generation of new or specialized functions (Kassahn et al., 2009; Glasauer and Neuhauss, 2014). 496 
There are many features of fish CCL20_L genes that may indicate functional diversification. 497 
The CCL20_L genes of 3R teleost fish can be divided into three groups, with each group having 498 
different numbers of genes in different species/lineages. Although teleost CCL20_L molecules share 499 
high aa identities within each group from different species, the aa identities between groups are low 500 
between the three fish groups, and between mammalian CCL20 and fish CCL20_L, an indication of 501 
functional diversification of the three CCL20_L groups (Canestro et al., 2013). CCL20_L3 represent 502 
the largest and most divergent fish CCL20_L group as seen in the phylogenetic trees with up to 5 503 
genes in salmonids and 2 in Northern pike. All salmonid CCL20_L3 genes were generated via the 4R 504 
salmonid WGD with the CCL20_L3b gene expanded by local gene duplications post the WGD. 505 
Therefore, salmonid CCL20_L3b genes should share similar identities to CCL20_L3a if the selection 506 
pressure was neutral. Interestingly, salmonid CCL20_ 3a share apparent higher aa identities to 507 
CCL20_L3b3/4 than to CCL20_L3b1/2 molecules, suggesting asymmetric molecular evolution of 508 
CCL20_L3b genes with CCL20_L3b1/2 under adaptive sel ction with a higher evolutionary rate 509 
(Steinke et al., 2006). 510 
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Tetrapod CCL20 and fish CCL20_L all share a four exon/three intron gene organisation with 511 
conserved intron phases. The second exon of salmonid CCL20_L1 is smaller leading to only 2 aa at 512 
the N-terminal before the first two cysteine residues, compared to 8-9 aa for CCL20_L2-3. The N-513 
terminal of a chemokine interacts with the binding pocket of the chemokine receptor leading to ligand 514 
recognition and receptor activation (Riutta bet Al., 2018). The different lengths of the N-terminal 515 
between the three types of CCL20_L molecules in fish may suggest differences in the binding 516 
affinities (and signalling) for their CCR6 receptors, with two copies known in 3R teleosts and 4 copies 517 
in salmonids (Mo et al., 2015; Grimholt et al. 2015; unpublished analysis of salmonid genomes). 518 
Another surprise is the presence of a potential polybasic NLS (the RRRR motif) only at the N-519 
terminal of salmonid CCL20_L3a, L3b3 and L3b4. NLS in cytokines and cytokine receptors may be 520 
important for their function, as demonstrated in mammalian IFN-γ (Subramaniam et al., 2001) and 521 
CXCR4 (Bao et al., 2019). The NLS in salmonid CCL20_L3 molecules might be an adaptive 522 
evolutionary innovation that needs further investigation. 523 
The majority of chemokines, including CC chemokines, possess four conserved cysteine residues that 524 
form two disulfide bonds to stabilise their structure and are important for their function (Legendre et 525 
al., 2013). An additional disulfide bond is found in three human CC chemokines that has a structural 526 
impact as seen with human CCL1 (aka. I-309,  Keizer et al., 2000). An additional pair of cysteine 527 
residues are present in CCL20_L1, that is conserved in all 3R teleosts but missing in tetrapod CCL20 528 
and fish CCL20_L2-3, suggesting another adaptive evolutionary innovation in 3R teleosts.  529 
Functional diversification can also be reflected in d fferential gene expression and modulation that 530 
will be discussed later. 531 
4.3. Driving force of teleost CCL20_L gene expansion 532 
It has been proposed that the mechanisms of duplication have effects on the fate of the duplicated 533 
genes (Canestro et al., 2013). Hence, genes that are successfully duplicated by small-scale (local) 534 
duplication are usually not retained after WGD, and vice versa, due to dosage balance whereby 535 
perturbation of the relative ratios of genes in stoichi metric balance is deleterious (Rice and 536 
McLysaght, 2017). The dosage balance theory predicts that genes with products that interact with or 537 
are in a complex network could be preferentially co-retained as the ratios remaining unchanged, as 538 
seen in the fish TNFα/TNFR system where both the ligand and its receptors are present in two copies 539 
in 3R teleosts and four copies in 4R salmonids (Hong et al., 2013; 2019). This might also be the case 540 
with the expansion of CCL20_L and the receptor CCR6, with all paralogues duplicated after WGDs 541 
co-retained in 3R and 4R teleost species. However, teleost CCL20_L genes were also expanded by 542 
local gene duplication that may be attributed to the intrinsic adaptive value of cells carrying local 543 
duplicates (Rodrigo and Fares, 2018). This adaptive value might be related to the direct antimicrobial 544 
activities of CCL20 molecules. For example, human CCL20 possesses antibacterial activity (against 545 
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Escherichia coli and Staphylococcus aureus) of greater potency than human β-defensin-1 and -2 546 
(Hoover et al., 2002), and may also be involved in anti-viral defence (Lee and Korner, 2017). 547 
Although there is no clear sequence similarity betwe n β-defensins and CCL20, they do share 548 
similarities in terms of the abundance of cationic residues (basic pI), the presence of disulfide bonds 549 
(3 in β-defensins and 2-3 in CCL20_L) and crystal structure, providing molecular and structural 550 
properties of shared functions between CCL20 and β-defensins in binding to CCR6 and bactericidal 551 
activity  (Hoover et al., 2002). The antimicrobial activity of fish CCL20_L molecules remains to be 552 
demonstrated. The further increase of CCL20_L1b and L3b by local gene duplications may enhance 553 
innate immunity to pathogens in anadromous salmonids that will likely face distinct pathogen 554 
repertoires when moving between fresh and salt water.  555 
4.4. Potential role of teleost CCL20_L in mucosal immunity 556 
All the 10 CCL20_L genes are differentially expressed in tissues from healthy fish. Their expression 557 
was differentially modulated in vitro by PAMPs and proinflammatory cytokines, and i  vivo by Poly 558 
I:C stimulation and bacterial infection in a tissue specific manner, further suggesting functional 559 
diversification. Mammalian CCL20 is expressed predominately in mucosal related tissues and liver. 560 
The expression of trout CCL20_L2 and L3 paralogues is high in mucosal tissues including gills, 561 
thymus and intestine but low in liver. In contrast, the expression of CCL20_L1a in liver is high as 562 
reported by   Lally et al. (2003) and is higher than any of the other CCL20_L paralogues, but low in 563 
mucosal tissues as seen in the present study. These expr ssion patterns may suggest partitioning 564 
(subfunctionalisation) of the expression domain of tr ut CCL20_L genes to allow optimal function. 565 
The high level expression of the majority of CCL20_L genes in mucosal tissues suggests that they 566 
may play important roles in mucosal immunity in fish. 567 
In agreement with the moderate expression of mammalian CCL20 in lymphoid tissues such as thymus 568 
and lymph nodes, and absence in spleen and bone marrow, the expression of all trout CCL20_L genes 569 
are low in central immune tissues/organs, including blood, HK and spleen. Interestingly, the 570 
expression of several trout CCL20_L genes, including CCL20_L1a, L1b2, L2a/b and L3b3, are 1-3 571 
orders higher in caudal kidney than in HK. Indeed, the highest expression level of CCL20_L1a is 572 
found in caudal kidney. The kidney is an indispensable organ in vertebrates that regulates metabolic 573 
waste and fluid balance. In mammals the kidney consists of two bean-shaped organs found below the 574 
ribcage on either side of the spinal column. Fish kidney is a flattened structure located along the 575 
dorsal inner body wall and can be divided into HK and caudal kidney in salmonids. Fish HK is an 576 
unique organ analogous to mammalian bone marrow, that is a haematopoietic-lymphoid organ with 577 
no/limited renal function (Geven and Klaren, 2017). This site is dedicated to hormone production 578 
(from the interrenal and chromaffin cells) and haemtopoiesis, including B and T cell development 579 
(Zapata et al., 2006). How the lymphocytes produced in the HK exit through the caudal kidney that is 580 
intertwined with blood filtering nephrons is not clear. Trout CCL20_L1a is a known chemoattractant 581 
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to peripheral blood leucocytes (Lally et al., 2003), and is highly expressed in caudal kidney at a level 582 
> 2,000-fold higher than in HK. This may create a CCL20_L chemokine gradient from HK to caudal 583 
kidney that guides the lymphocytes produced in the HK to exit, as another possible adaptive 584 
innovation specific to ray-finned fish.  585 
 586 
4.5. Potential role of teleost CCL20_L genes in anti-viral and anti-bacterial defence 587 
The expression of CCL20_L1a, L3b1 and L3b2 is highly induced in vivo by Poly I:C stimulation and 588 
by Y. ruckeri infection, with the last two also highly induced by Poly I:C and LPS in the macrophage-589 
like cell line RTS-11, suggesting that these CCL20_L genes may have a role in anti-viral and anti-590 
bacterial defence. In line with CCL20 induction by IL-1β in mammals (Chabaud et al., 2001), IL-1β is 591 
also a potent inducer of the expression of CCL20_L3b1-2 genes in rainbow trout. Type I IFNa, but 592 
not type II IFNγ, was found to be another inducer of CCL20_L expression in RTS-11 cells. As both 593 
IL-1β and IFNa are induced by Poly I:C and LPS in rainbow trout (Wang et al., 2019b), the Poly I:C 594 
and bacterial infection induced CCL20_L gene expression may be mediated by these proinflammatory 595 
cytokines.  596 
Interestingly, there is a marked difference in terms of expression level in different tissues and 597 
inducibility by Poly I:C stimulation/bacterial infection in vivo and PAMP/proinflammatory cytokine 598 
stimulation in vitro. Several genes, e.g. CCL20_L1b2 and L2b, are highly expressed during 599 
developmental stages and constitutively in tissues but were not be induced by stimulation in vivo and 600 
in vitro, at least for the molecules used here. In contrast, the transcript level of other genes, e.g. 601 
CCL20_L3b1, 3Lb2 and L1a, is not particularly high but is inducible in vivo and in vitro. Mammalian 602 
CCL20 is known to be a dual-functional chemokine that is highly expressed constitutively in some 603 
tissues and can be induced by inflammatory conditions. The distinct expression pattern and 604 
inducibility of trout CCL20_L genes may suggest a sub-functionalisation of the homeostatic and 605 
inflammatory properties of mammalian CCL20. 606 
4.6. Conclusions 607 
In addition to the three known CCL20_L in trout (CK1, CK8a, CK8b)), seven further CCL20_L genes 608 
have been identified in the genome of rainbow trout. Most of the studied teleost fish species possess 3 609 
groups of CCL20_L genes residing at three loci on two chromosomes, while in salmonids there are 610 
six CCL20_L loci on four chromosomes. Synteny analysis of these loci demonstrated that the 611 
CCL20_L genes in trout arose from both whole genome duplication and local gene duplication. Trout 612 
CCL20_L genes except CCL20_ L1a are generally highly expressed in mucosal related tissues, which 613 
suggest that they may be involved in mucosal immunity. CCL20_L1a is highly expressed in caudal 614 
kidney but low in HK, suggesting a role in directing lymphocyte trafficking of cells produced in the 615 
HK. CCL20_L3b1 and CCL20_L3b2 were the most responsive to in vivo and in vitro stimulation, 616 
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with CCL20_L1a also induced relatively highly after injection with Poly I:C or infection with Y. 617 
ruckeri. These paralogues likely have an important role during viral and bacterial defence. The fish 618 
CCL20_L3 molecules are particularly novel, divergent a d currently understudied. 619 
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Figure legend 819 
Fig. 1. Amino acid sequence multiple alignment of rainbow trout CCL20_L molecules. The 820 
multiple alignment was generated using the Clustal Omega program, and conserved amino acid 821 
residues were shaded using BOXSHADE (version 3.21). Human CCL20 was included in the 822 
alignment for comparison. The signal peptides are highlighted in green, and cysteine residues in the 823 
mature peptide are in red. The cysteine residues that potentially form an intramolecular disulfide bond 824 
are linked above the alignment.  825 
Fig. 2. Phylogenetic tree analysis of salmonid and Northern pike CCL20_L molecules. The 826 
phylogenetic tree was constructed using a multiple alignment of salmonid and pike CCL20_L aa 827 
sequences using the neighbour-joining (NJ) method within the MEGA 7.0 program. The JTT matrix-828 
based method with pairwise deletion option was chosen to compute the evolutionary distance. The 829 
percentage bootstrap value (>50%) is shown next to the branches based on 10,000 replicates. The 830 
accession number for each sequence is given after the common species and molecular names. The 831 
bootstrap value at the root of each group is highlighted in red and the groupings are indicated on the 832 
right. The sequences from trout and pike are in red an  green, respectively, and other salmonid 833 
sequences predicted in this study are in blue.  834 
Fig. 3. Synteny analysis of CCL20_L loci in selected teleosts, in comparison to the holostean gar 835 
and human CCL20 locus. The synteny was predicted using the Genomicus program (database 836 
version 96.01 and trout 01.01) or information extracted from recently released reference genomes at 837 
NCBI.  The accession numbers are NC_023192 (spotted gar), NC_035087, NC_035091, NC_035084 838 
and NC_035104 (rainbow trout); NC_025970 and NC_025988 (Northern pike); NC_007113 and 839 
NC_007135 (zebrafish); and NC_000002 (human). 840 
Fig. 4. Phylogenetic tree analysis of teleost and holostean CCL20_L molecules, and CCL20, 841 
CCL3, CCL4 and CCL17 of selected tetrapod groups. The phylogenetic tree was constructed using 842 
a multiple alignment of teleost and holostean CCL20_L, with CCL20, CCL3, CCL4 and CCL17 from 843 
selected tetrapod groups, since these other CC chemokines share high aa sequence identities to 844 
rainbow trout CCL20_L molecules. A neighbour-joining tree was constructed within the MEGA7.0 845 
program using the JTT matrix-based method with pairwise deletion option. The percentage bootstrap 846 
values (>50%) are shown next to the branches and based on 10,000 replicates. The accession number 847 
for each sequence is given after the common species and molecular name. The bootstrap value at the 848 
root of each group is highlighted in red and the groupings are indicated on the right. The sequences 849 
from spotted gar and Northern pike are in red and green, respectively. The salmonid branches were 850 
condensed and shown in blue.  851 
Fig. 5. A model of teleost CCL20_L gene evolution. A single CCL20 gene was present in the early 852 
2R vertebrates that was duplicated in ancestral actinopterygian fish. The two duplicated genes were 853 
27 
 
further duplicated by 3R and 4R WGDs with subsequent gene loss and local gene duplications.  854 
Lineage/species specific local gene duplication /deletion led to different copies of CCL20_L genes in 855 
extant teleosts.  856 
Fig. 6. Gene organisation of CCL20_L molecules in rainbow trout, Northern pike, spotted gar 857 
and human. The black and white boxes represent coding and non-coding regions of exons and lines 858 
between boxes represent introns. The size (bp) of each xon is in the box, and the intron phase is 859 
indicated above the line. The genomic information is given in Table 2 (trout CCL20_L genes) and 860 
Table 3 (pike and gar CCL20_L genes). 861 
Fig. 7. The expression level of trout CCL20_L genes in different tissues. The expression level of 862 
CCL20_L1a and CCL20_L1b1-2 (A), CCL20_L2a and CCL20_L2b (B), and CCL20_L3a and 863 
CCL20_L3b1-4 (C) was investigated by RT-qPCR in seventeen tissues from six fish. The transcript 864 
level was calculated according to a serial dilution of references that contained equal amounts of each865 
gene and was normalized against the expression level of EF-1α. The data are presented as mean + 866 
SEM (n=6). 867 
Fig. 8. The expression of trout CCL20_L genes during early developmental stages. cDNA 868 
samples were prepared from eyed-eggs, immediately post-hatch, pre-first feeding fry or fry 3 weeks 869 
after first feeding. Six independent samples from each developmental stage were selected for RT-870 
qPCR analysis. Data were analysed by one-way ANOVA and presented as mean + SEM (n=6). 871 
Different letters above the bars indicate significant differences (p ≤ 0.05). 872 
Fig. 9. Modulation of the expression of trout CCL20_L genes in vivo by Poly I:C. Rainbow trout 873 
were injected ip with 0.2 ml of PBS containing 1 mg Poly I:C or 0.2 ml PBS as control. The gills, 874 
spleen, HK and intestine were collected at 6 h and 24 h post stimulation. The expression of trout 875 
CCL20_L genes was quantified by RT-qPCR. The data are presented as mean (+SEM) relative 876 
expression, where the expression level of each genein each tissue of control fish at 6 h was defined as 877 
1 (n=6). Different letters above the bars indicate significant differences in the same tissue (p ≤ 0.05, 878 
one way-ANOVA). A bar over a tissue indicates no differences were detected. 879 
Fig. 10. Modulation of the expression of trout CCL20_L genes by Yersinia ruckeri challenge. 880 
Rainbow trout were injected ip with 0.5 ml of Y. ruckeri at a concentration of 1 x 106 cfu/ml or 0.5 ml 881 
PBS as control. The gills, spleen, HK and intestine were collected at day 1 and day 2 post injection. 882 
The gene expression was quantified by RT-qPCR and normalised to the expression level of EF-1α in 883 
each sample. The data are presented as the mean (+SEM) relative expression, where the expression 884 
level of each gene in each tissue of control fish at day 1 was defined as 1 (n=4). Different letters 885 
above the bars indicate significant differences ((p ≤ 0.05, one way-ANOVA). A bar over a tissue 886 
indicates no differences were detected. 887 
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Fig. 11. Modulation of the expression of trout CCL20_L genes in RTS-11 cells by Poly I:C and 888 
LPS. RTS-11 cells were cultured overnight and then stimulated with Poly I:C (50 µg/ml), LPS (25 889 
µg/ml) or medium as control for 4 h, 8 h and 24 h. Te treatments were terminated by dissolving cells 890 
in TRI reagent and the expression of trout CCL20_L genes was analysed by RT-qPCR. The data are 891 
presented as mean (+SEM) fold change calculated as the expression level of stimulated samples 892 
divided by that of time matched controls. One-way ANOVA and LSD post hoc tests were used to 893 
analyse the expression data (* p ≤ 0.05; **p ≤ 0.01 and *** p ≤ 0.001).  894 
Fig. 12. Modulation of the expression of trout CCL20_L genes in RTS-11 cells by pro-895 
inflammatory cytokines. RTS-11 cells were cultured overnight and then stimulated with IFNγ (20 896 
ng/ml), IFNa (25 ng/ml), IL-1β (25 ng/ml), IL-6 (100 ng/ml), TNFα (50 ng/ml), or medium as control 897 
for 4 h, 8 h and 24 h. The treatments were terminated by dissolving cells in TRI reagent and the 898 
expression of trout CCL20_L genes was analysed by RT-qPCR. The data are presented as mean 899 
(+SEM) fold change calculated as the expression level of stimulated samples divided by that of time 900 
matched controls. One-way ANOVA and LSD post hoc tests were used to analyse the expression data 901 
(* p ≤ 0.05; **p ≤ 0.01 and *** p ≤ 0.001).  902 
 903 
Table  legend 904 
 905 
Table 1. Primers used for real-time RT-PCR gene expression analysis of trout CCL20_L 906 
paralogues. 907 
Table 2. Summary of CCL20_L genes in rainbow trout. The location and transcriptional direction 908 
(F=forward, R=reverse) in the genome, and the accession numbers of genomic and cDNA sequences 909 
of each gene are shown. The numbers of aa of the full-l ngth protein, signal peptide and mature 910 
peptide of the deduced aa sequence, and the pI and molecular weight (MW) of the mature peptide of 911 
each gene are also shown. 912 
Table 3. Summary of CCL20_L genes from other fish species analysed in this study. The location 913 
and transcriptional direction (F=forward, R=reverse) in the genome, linkage group (LG) or scaffold, 914 
and the accession numbers of cDNA and protein sequences of each gene are shown.  915 
Table 4. Comparison of aa sequence identities of CCL20_L molecules from rainbow trout and 916 
from other salmonids and Northern pike. The highest levels of aa identities to trout CCL20_L 917 





Table 1. Primers used for real-time RT-PCR gene expression analysis of trout CCL20_L paralogues. 
 
Gene Forward (5’ to 3’) Reverse (5’ to 3’) Size 
CCL20_L1a CCACCACACAATCAGCGGACT CGGCACACACAAACTTGTTCCTTAGAT 153 
CCL20_L1b1 CCCCTCCACACAATCAGCAGATT GCTTGAGCAGACAGCGTTGTACCT 203 
CCL20_L1b2 CCCCTCCACACAATCAGCACATT CTTGAGCAGGCAGCGTTGTACTC 202 
CCL20_L2a  TCAACCTCAGCTGCATACGGTCTTA TTCCTCACCCATTCGTCCTTAACTG 194 
CCL20_L2b CAACCTCAGCAGCATATGGTCCTC CCTCACCCACTCGTCCTTAATGC 191 
CCL20_L3a CTTCTGCAGCTAAACGACCACGTC GGCCTGTGAGGTCTTGATGTGAGA 245 
CCL20_L3b1 GGTTTCTGCAGCTAAACAAGGTTTTCC GCGAACAGCTTTCATAACCCAGC 202 
CCL20_L3b2 GGTTTCTGCAGCTAAACAAGGTTTTCC CAGCTTGTGAACAACTTTCATAACCCATT 208 
CCL20_L3b3 CAGCAGCTCATCACATCACAGCA TTTCCCATTTTTAGTGTGGAATATGATGG 262 
CCL20_L3b4 GCTTCTGCAGCTAAACAAGCACGTC CTGATGTGAACCGCCGTGC 233 

















Table 2. Summary of CCL20_L genes in rainbow trout. The location and transcriptional direction (F=forward, R=reverse) in the genome, and the accession numbers of 
genomic and cDNA sequences of each gene are shown. The numbers of aa of the full-length protein, signal peptide and mature peptide of the deduced aa sequence, and the pI 
and molecular weight (MW) of the mature peptide of each gene are also shown. 
 









CCL20_L1a NC_035087 (Ch 11) 13,571,908-13,574,179 NM_001124254 F 100 26/74 9.34 9.05 
CCL20_L1b1 NC_035091 (Ch 15) 11,142,715-11,140,091 MK986833 R 100 26/74 10.16 9.00 
CCL20_L1b2 NC_035091 (Ch 15) 11,128,165-11,126,127 MK986834 R 98 24/74 9.96 9.02 
CCL20_L2a NC_035104 (Ch 28) 8,666,274-8,668,801 MK986835 R 112 24/88 9.39 10.04 
CCL20_L2b NC_035084 (Ch 8) 71,497,933-71,499,566 MK986836 F 102 24/78 9.46 9.00 
CCL20_L3a NC_035104 (Ch 28) 3,493,418-3,494,594 MK986837 F 105 26/79 10.07 8.86 
CCL20_L3b1 NC_035084 (Ch 8) 74,979,211-74,980,774 MK986838 R 104 26/78 9.88 8.87 
CCL20_L3b2 NC_035084 (Ch 8) 74,998,822-75,000,451 MK986839 R 104 26/78 9.87 8.90 
CCL20_L3b3 NC_035084 (Ch 8) 75,009,667-75,010,564 MK986840 R 105 26/79 9.87 8.90 
CCL20_L3b4 NC_035084 (Ch 8) 75,027,950-75,029,419 MK986841 R 105 26/79 9.96 8.82 
 
a accession number of genomic DNA and chromosome (Ch) location 
b accession number of cDNA 
c pI and molecular weight of mature peptide 
 
Table 3. Summary of CCL20_L genes from other fish species analyses in this study. The location and transcription direction (F=forward, R=reverse) on 
chromosome (Ch), linkage group (LG) or scaffold, and the accession numbers of cDNA and protein sequences of each gene are shown.  
Gene Chromosome Location Orientation cDNA  Protein  
Atlantic CCL20_L1a Ch 19 66,965,509-66,975,716 R XM_014159437 XP_014014912 
Atlantic CCL20_L1b1 Ch 29 26,869,132-26,873,675 R EG861420   
Atlantic CCL20_L1b2 Ch 29 26,377,437-26,395,612 R EG865207   
Atlantic CCL20_L2a Ch 3 36,707,891-36,714,434 F XM_014191476 XP_014046951 
Atlantic CCL20_L3a Ch 3 43,703,189-43,710,324 F XM_014192103 XP_014047578 
Atlantic CCL20_L3b1 Ch 14 43,274,391-43,283,224 F XM_014141244 XP_013996719 
Atlantic CCL20_L3b3 Ch 14 43,261,929-43,270,154 F XM_014141243 XP_013996718 
Chinook CCL20_L1a Ch 16 9,850,166-9,850,932 F XM_024376526  XP_024232294 
Chinook CCL20_L1b1 Ch 29 9,627,158-9,647,897 R Predicted   
Chinook CCL20_L1b2 Ch 29 9,622,416-9,629,681 R Predicted   
Chinook CCL20_L2a Ch 28 8,967,696-8,969,882 R XM_024391149 XP_024246917 
Chinook CCL20_L2b Ch 10 53,329,771-53,332,021 F XM_024436478 XP_024292246 
Chinook CCL20_L3a Ch 28 2,337,830-2,339,345 R XM_024390821 XP_024246589 
Chinook CCL20_L3b1 Ch 10 56,639,430-56,642,246 R XM_024436482 XP_024292250 
Chinook CCL20_L3b2 Ch 10 56,621,123-56,624,348 R XM_024436481 XP_024292249 
Chinook CCL20_L3b3 Ch 10 56,674,999-56,677,552 R XM_024436483 XP_024292251 
Chinook CCL20_L3b4 Ch 10 56,657,884-56,662,928 R Predicted   
Coho CCL20_L1a LG 18 11,327,923-11,328,623 F XM_020508624  XP_020364213 
Coho CCL20_L1b1 LG 11 5,192,144-5,210,327 R XM_020494039 XP_020349628 
Coho CCL20_L1b2 LG 11 5,180,229-5,198,416 R Predicted   
Coho CCL20_L2a LG 27 6,568,085-6,574,388 R XM_020463089 XP_020318678 
Coho CCL20_L2b LG 30 33,510,411-33,515,418 F XM_020467471 XP_020323060  
Coho CCL20_L3a Scaffold 15709 95-2,366 R XM_020479071 XP_020334660 
Coho CCL20_L3b1 LG 24 14,372,742-14,378,054 F XM_020459179  XP_020314768 
Coho CCL20_L3b3 Scaffold 07847 3,792-9,351 R XM_020477418 XP_020333007 
Coho CCL20_L3b4 Scaffold 07847 9,987-18,004 R Predicted   
Charr CCL20_L1a LG 14 31,629,440-31,631,711 F Predicted   
Charr CCL20_L2a LG 19 8,419,893-8,424,609 R XM_024009270 XP_023865038 
Charr CCL20_L2b LG 32 33,540,830-33,542,954 F XM_023977823  XP_023833591  
Charr CCL20_L3a LG 33 8,100,306-8,102,511 R XM_023979313 XP_023835081  
Charr CCL20_L3b Scaffold 6733 6,456-9,302 F XM_024145097 XP_024000865  
Pike CCL20-1 LG 21 17,967,668-17,979,891 F XM_010890050 XP_010888352 
Pike CCL20-2 LG 03 14,656,161-14,665,248 R NM_001303712 NP_001290641 
Pike CCL20-3a LG 03 12,632,880-12,637,423 F NM_001303695 NP_001290624 
Pike CCL20-3b LG 03 12,637,867-12,643,914 F NM_001303676 NP_001290605 
Gar CCL20-1 LG 14 13,048,845-13,059,212 R XM_015361083 XP_015216569 
Gar CCL20-2 LG 14 13,057,489-13,060,465 R XM_01536116 XP_015216602 
Gar CCL20-3 LG 14 13,071,958-13,079,221 F XM_015361063 XP_015216549 
Gar CCL20-4 LG 14 13,079,252-13,087,339 F XM_015361062 XP_015216548 
Zebrafish CCL20-1 Ch 24 26,001,300-26,013,395 F NM_001113595 NP_001107067 
Zebrafish CCL20-2 Ch 2 40,177,801-40,186,888 F XM_005171348 XP_005171405 
Zebrafish CCL20-3 Ch 2 45,188,850-45,196,113 F NM_001136254 NP_001129726 
Catfish CCL20a.1 Ch 7 7,202,821-7,208,868 F XM_017470960 XP_017326449 
Catfish CCL20 Ch 7 7,199,797-7,211,892 F XM_017470960 XP_017326449 
Catfish CCL20a.3 Scaffold 00585 83,016-87,559 F XM_017461884 XP_017317373 
Catfish CCL20b.1 Ch 23 9,215,269-9,227,366 F XM_017453030 XP_017308519 
Catfish CCL20b.2 Ch 23 9,219,892-9,231,987 F XM_017453031 XP_017308520 
Tetra CCL20-1 Ch 3 17,750,681-17,759,768 R XM_007252332 XP_007252394 
Tetra CCL20-2 Ch 16 9,108,011-9,137,066 F XM_022677669 XP_022533390 
Tetra CCL20-3 Scaffold 4423 287,457-297,760 R XM_007241461 XP_007241523 
Swamp eel CCL20-1 Scaffold 3.1 10,809,887-10,818,974 R XM_0205995661 XP_020455222 
Swamp eel CCL20-2 Scaffold 172.1 1,188,548-1,192,179 F XM_020616001 XP_020471657 
Swamp eel CCL20-3 Scaffold 172.1 43,528-47,159 F XM_020616254 XP_020471910 
Flounder CCL20-1 Scaffold 209 768,054-771,685 F XM_020103201 XP_019958760 
Flounder CCL20-2 Superscaffold 3 10,491,841-10,497,024 R XM_020106948 XP_019962507 
Flounder CCL20-3 Superscaffold 3 11,636,240-11,639,871 R XM_020107025 XP_019962584 
Medaka CCL20-1a Ch 20 25,814,839-25,820,486 R XM_023950372 XP_023806140 
Medaka CCL20-1b Ch 20 25,797,568-25,808,863 F XM_023950385 XP_023806153 
Medaka CCL20-3 Ch 17 23,158,631-23,165,895 R XM_004079325 XP_004079373 
Fugu CCL20-2 Ch 22 8243057-8247600 F XM_011616507 XP_011614809 
Fugu CCL20-3 Ch 22 7507868-7512827 F XM_003975613 XP_003975662 
 
Table 4. Comparison of aa sequence identities of CCL20_L molecules from rainbow trout and from other 
salmonids and Northern pike. The highest levels of aa identities to trout CCL20_L molecules are shown in red and 
the second highest levels of identities among salmonids are shown in blue. 
 














































































































Trout CCL20_L1a  100.0 74.0 73.0 22.9 25.5 30.3 29.0 29.9 30.6 30.6 
Atlantic CCL20_L1a 94.0 88.0 81.0 23.7 27.4 31.2 29.9 30.8 30.3 31.5 
Chinook CCL20_L1a 96.0 88.0 81.0 23.5 26.4 30.3 29.9 30.8 30.6 30.6 
Coho CCL20_L1a 95.0 87.0 80.0 23.5 25.5 29.4 29.9 30.8 30.6 30.6 
Charr CCL20_L1a 83.0 78.0 73.5 23.5 26.9 27.8 26.7 27.6 28.3 28.3 
Trout CCL20_L1b1 74.0 100.0 85.0 25.4 30.9 34.9 32.7 33.6 33.6 33.6 
Trout CCL20_L1b2 73.0 85.0 100.0 24.1 26.9 33.3 29.2 30.2 29.0 29.0 
Atlantic CCL20_L1b1 83.0 94.0 89.8 24.1 26.9 35.2 29.2 30.2 32.4 31.5 
Atlantic CCL20_L1b2 78.0 88.0 93.9 24.3 26.9 33.3 29.2 30.2 30.6 30.6 
Chinook CCL20_L1b1 77.2 85.1 77.2 21.3 24.8 32.7 29.4 31.2 29.7 29.7 
Chinook CCL20_L1b2 60.0 70.0 76.5 19.5 19.3 26.9 24.5 23.4 23.9 23.7 
Coho CCL20_L1b1 85.0 98.0 89.0 24.6 30.0 35.8 32.7 33.6 34.3 34.3 
Coho CCL20_L1b2 75.5 86.3 89.2 25.4 25.0 34.2 31.2 32.1 33.6 33.6 
CCL20_L2 
Trout CCL20_L2a  22.9 25.4 24.1 100.0 66.1 31.3 27.8 27.8 33.0 33.0 
Atlantic CCL20_L2a 23.5 25.2 23.0 89.4 69.9 32.8 26.5 26.5 31.0 30.2 
Chinook CCL20_L2a 21.5 24.0 23.6 79.5 58.3 28.5 23.3 23.3 29.2 29.2 
Coho CCL20_L2a 22.5 22.5 23.6 81.1 58.3 28.5 23.3 23.3 29.2 29.2 
Charr CCL20_L2a 21.9 24.6 22.1 82.1 67.0 29.6 22.4 23.3 27.8 27.0 
Trout CCL20_L2b  25.5 30.9 26.9 66.1 100.0 33.3 27.4 27.4 29.5 28.6 
Chinook CCL20_L2b 25.5 30.9 26.9 67.9 97.1 34.3 27.4 27.4 30.5 29.5 
Coho CCL20_L2b 25.5 30.9 26.9 67.9 97.1 34.3 27.4 27.4 30.5 29.5 
Charr CCL20_L2b 26.4 31.8 27.8 66.1 93.1 34.3 27.4 27.4 32.4 31.4 
CCL20_L3 
Trout CCL20_L3a  30.3 34.9 33.3 31.3 33.3 100.0 46.7 46.7 65.7 64.8 
Atlantic CCL20_L3a 31.2 35.8 35.2 33.0 34.3 94.3 48.6 48.6 69.5 68.6 
Chinook CCL20_L3a 30.3 34.9 33.3 31.3 33.3 97.1 48.6 48.6 68.6 67.6 
Coho CCL20_L3a 30.3 34.9 33.3 31.3 33.3 97.1 48.6 48.6 68.6 67.6 
Charr CCL20_L3a 31.4 33.9 32.5 34.2 30.8 79.2 42.6 42.6 58.3 57.5 
Trout CCL20_L3b1 29.0 32.7 29.2 27.8 27.4 46.7 100.0 90.4 51.4 51.4 
Trout CCL20_L3b2 29.9 33.6 30.2 27.8 27.4 46.7 90.4 100.0 51.4 51.4 
Trout CCL20_L3b3 30.6 33.6 29.0 33.0 29.5 65.7 51.4 51.4 100.0 98.1 
Trout CCL20_L3b4 30.6 33.6 29.0 33.0 28.6 64.8 51.4 51.4 98.1 100.0 
Atlantic CCL20_L3b1 29.0 31.8 30.2 30.7 28.8 44.9 79.8 81.7 51.9 51.9 
Atlantic CCL20_L3b3 28.7 33.3 31.8 33.9 29.5 66.7 53.3 53.3 89.5 88.6 
Chinook CCL20_L3b1 23.4 27.1 25.5 28.7 31.1 46.7 78.8 82.7 49.5 49.5 
Chinook CCL20_L3b2 23.4 27.1 25.5 28.7 31.1 46.7 78.8 82.7 49.5 49.5 
Chinook CCL20_L3b3 31.5 33.6 29.0 32.2 28.6 66.7 49.5 49.5 97.1 95.2 
Chinook CCL20_L3b4 31.5 33.6 29.0 32.2 28.6 66.7 49.5 49.5 97.1 95.2 
Coho CCL20_L3b1 30.6 32.7 30.2 28.7 28.3 46.7 90.4 93.3 51.4 51.4 
Coho CCL20_L3b3 31.5 35.5 33.6 33.0 30.5 67.6 49.5 49.5 94.3 92.4 
Coho CCL20_L3b4 31.5 35.5 33.6 33.0 30.5 67.6 49.5 49.5 94.3 92.4 
Charr CCL20_L3b 28.7 33.9 28.4 33.0 30.5 67.6 51.4 51.4 87.6 85.7 
Pike 
Pike CCL20_L1 63.5 62.5 56.7 26.7 26.4 26.8 27.5 27.5 29.7 29.7 
Pike CCL20_L2 23.8 22.0 25.4 53.2 50.8 27.1 23.1 23.1 26.2 25.4 
Pike CCL20_L3a 25.0 29.0 28.0 26.3 25.7 43.9 60.4 58.5 46.7 45.8 








                    Signal Peptide                  
CCL20_L1a  MISCRVCVLAAL-SSLLIITLIPTTQS-------ADCCLKLTRRPVHCRWLKGYTFQDITSSCDLNAVIFQNLRNKFVCADPSQDWTKRVQRCLRKRQEKKSQLKKRV 
CCL20_L1b1 MLCCRVCVLAVLLSILIL-TLIPSTQS-------ADCCLKYTRRPVPCRRLKDYTYQTITSSCDIHAVVFHTRRDKFVCADPSQDWTKKVQRCLLKRQERKSKLKKIL 
CCL20_L1b2 MLCCRVCVLAVLLSLLI---LIPSTQS-------AHCCLKYTRRPLQCRRLKNYTHQPITSSCDIHAVIFHTWMDKFVCADPSQDWTKRVQRCLLKRQENKSKLKKTL 
CCL20_L2a  MAPTYLETILLL---CCVGTMFSSTSAAYG-LRRLYCCVEYQEKPIPDQQIKGYKLQRSEEVCNIDAIIFYTSKNKKVCATVKDEWVRKALARLSSELKKMSSSKTVTGTPPTTPI 
CCL20_L2b  MASRYLETILLL---CCIVTMFSSTSAAYG-PRKLYCCVEFQEKPVPYTKIIGYKQQGYKEVCNNDAIIFYTTKNKKVCASIKDEWVRTALVHLSSKLKKISTATL 
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Control Poly I:C LPS
F. CCL20_L3a





































































































































































































































































































































































































































12 79 103 78 43 434
I II II
Trout CCL20_L1a
46 79 103 78 43 483
I II II
Trout CCL20_L1b1
46 79 103 78 37 652
I II II
Trout CCL20_L1b2
153 82 103 81 49 537
I II II
Pike CCL20_L1
70 76 115 78 22 490
I II II
Human CCL20
117 88 115 78 37 336
I II II
Trout CCL20_L3a
90 88 112 78 37 623
I II II
Trout CCL20_L3b1
90 88 112 78 37 670
I II II
Trout CCL20_L3b2
86 88 115 78 37 404
I II II
Trout CCL20_L3b3
102 88 115 78 37 412
I II II
Trout CCL20_L3b4
77 82 100 78 46 398
I II II
Pike CCL20_L3b
77 82 100 78 43 223
I II II
Pike CCL20_L3a
82 79 109 78 28 631
I II II
Gar CCL20-4
179 79 100 78 25 523
I II II
Gar CCL20-3
79 94 112 78 37 413
I II II
Gar CCL20-2
144 76 118 78 67 382
I II II
Trout CCL20_L2a
149 76 118 78 37 587
I II II
Trout CCL20_L2b
18 79 115 78 109 364
I II II
Pike CCL20_L2
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Ten CCL20_L genes are present in rainbow trout that can be classified into three groups CCL20_L1-
3. 
CCL20_L1-3 gene are present in most teleosts, with lineage/species-specific expansion. 
The expansion of CCL20_L genes was via whole genome duplication and local gene duplication.  
Trout CCL20_L genes are differentially expressed and in general highly expressed in mucosal tissues. 
Trout CCL20_L genes are increased during development and following PAMP/cytokine stimulation. 
Trout CCL20_L genes are also increased after Yersinia ruckeri infection or Poly I:C stimulation in 
vivo.  
 
 
